Topological semimetals (TSs) in structurally chiral crystals (which possess a handedness due to a lack of mirror and inversion symmetries) are expected to display numerous exotic physical phenomena, such as new fermionic excitations with large topological charge 1 , long Fermi-arc surface states 2,3 , unusual magnetotransport 4 and lattice dynamics 5 , as well as a quantized response to circularly polarized light 6 . To date, however, all experimentally confirmed TSs crystallize in space groups that contain mirror operations, which forces the aforementioned properties to vanish. Here, by employing angle-resolved photoelectron spectroscopy and ab-initio calculations, we show that AlPt is a structurally chiral TS that hosts new fourfold and sixfold fermions, which can be viewed as a higher spin generalization of Weyl fermions without equivalence in elementary particle physics. Remarkably, these multifold fermions are located at high symmetry points with Chern numbers larger than those in Weyl-semimetals, thus resulting in multiple Fermi-arcs that thread through the full diagonal of the surface Brillouin zone (BZ), spanning the largest portion of the BZ of any material. By imaging these long Fermi-arcs, we can experimentally determine the magnitude and sign of their Chern number, which allows us to relate their dispersion to the handedness of their host crystal.
other nonlinear and anomalous responses [24] [25] [26] [27] [28] [29] . While relativistic Weyl fermions must obey Lorentz symmetry, condensed matter systems are free from this constraint and instead need only be invariant under the space group of the crystal. This freedom gives rise to a much richer variety of topological semimetals, such as tilted Weyl semimetals 30 , and topological semimetals involving three, four, or six band crossings protected by symmetry 1, 31, 32 . When such multifold crossings are realized in chiral crystal structures, the effective Hamiltonian near the crossings is a higher spin generalization of the Weyl Hamiltonian H=k·S. Here, k is the crystal momentum and the matrices S are adiabatically connected to spin matrices for spin-1, spin-3/2 or the direct sum of two spin-1 copies for the threefold, fourfold and sixfold crossings, respectively 1 . The bands of these multifold fermions feature higher Chern numbers (which also bestows their wavefunction with a handedness), and therefore host more Fermi-arcs and chiral Landau levels (which are also qualitatively different 1 ) compared to Weyl semimetals, which enhances many of the phenomena associated with Weyl physics. Spin 1-fermions, in particular, are markedly different from the triple band crossings recently discovered in WC 33 and MoP 34 , which are non-chiral and feature no Chern numbers.
A nonzero Chern number does not require a chiral crystal structure, but topological semimetals that also possess structural chirality have many unique properties (see Fig. 1A for an overview), such as the gyrotropic magnetic effect 4 , a finite frequency version of the chiral magnetic effect first predicted for the quark-gluon plasma 35 ; the signatures of the chiral anomaly that arise in phonon dynamics 5 or the magnetochiral anisotropy 13 ; and most notably the quantized circular photogalvanic effect 6, 36 , the only experimental probe that can directly measure the Chern numbers of a topological semimetal. However, all experimentally confirmed topological semimetals -of the Weyl type or any generalization -have been synthesized so far only in nonchiral crystal structures. Orientation reversing operations such as mirror symmetries in these materials require the existence of Weyl nodes with opposite Chern numbers at the same energy (see Fig. 1B ), which force the aforementioned properties to vanish. In a chiral topological semimetal (i.e. a semimetal with nonzero Chern number and broken mirror and inversion symmetry), nodes of opposite Chern number are generically separated in energy. The absence of a viable material to observe these properties has severely limited progress in the field up to now, despite an extensive theoretical search for them 37 . Promising material candidates that could unlock these phenomena were recently predicted in a family of transition-metal silicides and platinum and palladium alluminides [1] [2] [3] , which crystallize in the chiral space group 198. In this family of materials, a spin-3/2 fermion is realized near the Fermi level at the Γ point (which corresponds to the elusive Rarita-Schwinger fermion predicted in particle physics), while a double spin-1 fermion is realized at the R point. The Chern number count predicts (at the minimum) four chiral surface Fermi-arcs that traverse the diagonal of the surface Brillouin zone (BZ), thus connecting the projections of the Γ and R points, which would span the largest portion of the BZ of any material. In addition, the nodes at Γ and R have a significant energy separation, which is a practical advantage to realize the exciting physical phenomena discussed above. Since sample surfaces of the silicides have been proven difficult to prepare by in-situ crystal cleaving, we chose to study the material AlPt.
In this work, we conducted angle-resolved photoelectron spectroscopy (ARPES) measurements of AlPt crystals at low photon energies (VUV-ARPES, hv < 150 eV) to investigate their surface electronic structures, as well as soft X-ray energies (SX-ARPES, hv > 300 eV) to study their bulk band structures. To understand the experimental results, we also performed ab-initio band structure calculations (see the methods section for more details).
AlPt crystallizes in the cubic chiral B20 structure of FeSi that can be considered as a distorted rocksalt structure where the atomic positions are displaced along the (111) direction with a lattice constant of a=4.865 38 . Since the material is not layered, it can be cleaved along different Miller planes, such as (001), (110) and (111), as is illustrated in Fig. 1C . Its cubic BZ is shown in Fig.   1D , which also illustrates the fourfold and sixfold crossings at the Γ and R points that were predicted in Refs. 1,2, as well as the BZ boundary for planes parallel to the (111) and (110) Miller planes. We confirmed its crystal structure and elemental composition via X-ray powder diffraction and core level photoemission spectroscopy, respectively; the results are shown in To further investigate these exotic new fermions, we performed a detailed comparison between the experimental bulk band structure obtained with SX-ARPES and our ab-initio calculations, which is shown in Fig. 2 . We focus here primarily on data obtained from the (111) surface, while further results on other surfaces can be found in the supplementary materials. 3A is indicated by the red surface (the experimental data also includes contributions from neighboring planes due to kz broadening). We can see from the projections of the bulk calculations to the (001) surface (shown as blue contours on top of Fig. 3B ) that the gaps between the bulk pockets shown in Fig 3A remain gapped for all kz values (i.e. they are projected bulk gaps), meaning that no bulk bands are expected to appear in those gaps at any photon energy (since changing the photon energy would correspond to probing bands at different kz momenta). When comparing our surface sensitive VUV-ARPES data shown in Fig. 3C to the bulk data presented in Fig. 3A , we can identify large S-shaped Fermi-arcs that are threading through these projected bulk gaps and are connecting the projected Γ and R points (highlighted by red dashed lines as guide to the eye), which are spanning the entire diagonal of the surface BZ and must be of surface origin. This conclusion is further corroborated our ab-initio slab calculations that are also shown in Fig. 3C (showing surface spin-up and spin-down bands as red and blue lines, respectively, whilst bulk bands are shown in white), and projected bulk band contours (solid blue lines), which match our experimental data very well. To further enhance the contrast of the S-shaped Fermi-arcs, we show a curvature plot 39 of the experimental Fermi surface in Fig. 3E , which also clearly indicates the S-shaped Fermi-arcs. Additionally, we also display the experimental energy vs. momentum dispersion of experimental data along the R -X¯1 direction in Fig 3D (i) , which also clearly shows the Fermi-arc bands dispersing the in the projected bulk band gap, and which are well reproduced by the ab-initio slab calculations in Fig.   3D (ii). Due to spin-orbit coupling (SOC) the surface Fermi-arcs must be spin-split, which is corroborated by the band splitting in our slab calculations. We therefore conclude that that our surface sensitive VUV-ARPES data contrasted with our bulk sensitive SX-ARPES data and abinitio calculations provides strong evidence for the existence of two surface Fermi arcs that are approaching Γ and R , and which must be spin-split due to SOC, which means that the new multifold Fermions R and Γ must have a Chern number with magnitude |C|=4.
A further analysis of the Fermi arc dispersion can not only determine the magnitude of the Chern numbers in AlPt, but also their sign, which is intimately related to the handedness of the crystal structure. As we illustrate in Al helix. To the best of our knowledge, such a connection between surface state dispersion and crystalline chirality was not made before and can be used in the future to experimentally determine the handedness of a chiral topological semimetal.
In conclusion, our experimental results clearly confirm the existence of new fourfold and sixfold k·S fermions in AlPt, which includes the elusive Rarita-Schwinger spin-3/2 fermion predicted in particle physics. We further directly detect the nontrivial topology of these new fermions by imaging AlPt's surface spectrum, which revealed long surface Fermi-arcs spanning the largest possible fraction of the surface BZ. These findings establish AlPt as a novel topological semimetal that may serve as the starting point to realize even more exotic phenomena predicted for chiral topological semimetals, especially because there are many isostructural compounds in space group 198 (such as AlPd, MgPt, GaPd, GaPt, etc.) that could be used for alloying to further engineer its band structure to meet the needs of other experimental probes. We finally note that we established a connection between the surface Fermi-arc dispersion and structural chirality of topological semimetals that can be used for sample characterization in the future. 
Methods:
Sample growth
The polycrystalline sample of AlPt was first prepared by arc melting the stoichiometric amount of the high pure Al and Pt metals. Then the ingot was crushed into fine powder and the final sample was prepared via two methods. Prior to the final stage of sample synthesis, the compound's melting profile was determined using the Differential Scanning Calorimetry (DSC) measurement. In the first technique, the crushed AlPt powder was filled in an alumina tube and then sealed inside a tantalum tube. Finally, the whole assembly was homogeneously heated in argon atmosphere up to 1600 o C above the melting point of the compound and then cooled to 400 o C with a rate of 0.5 o C/min. Finally, the sample was annealed at 1000 o C for 6 days followed by a slow cooling of 1 o C/min to room temperature. In the second method, we followed the Bridgman-Stockbarger technique to prepare the AlPt sample. Here the crushed polycrystalline powder was filled in a custom designed sharp edged alumina tube, which was sealed in a tantalum tube. Then the whole assembly was heated up to 1600 o C and then slowly cooled to 1000 o C. The compositional analysis with energy-dispersive X-ray (EDX) spectroscopy shows stoichiometric Al and Pt, 1:1 composition in all the samples. Besides, the samples show similar pattern in the laboratory x-ray powder-diffraction (XRD). Here we used the AlPt samples prepared by both techniques for the ARPES measurements.
ARPES Soft X-ray ARPES (SX-ARPES) measurements were performed at the SX-ARPES endstation [1]
of the ADRESS beamline [2] at the Swiss Light Source, Switzerland, with a SPECS analyzer with an angular resolution of 0.07°. The photon energy varied from 350-1000 eV and the combined energy resolution was ranging between 50 meV to 150 meV. The temperature during sample cleaving and measurements was about 20 K and the pressure better than 1x10 -10 mbars. The increase of the photoelectron mean free path in the soft-X-ray energy range results, by the Heisenberg uncertainty principle, in a higher kz resolution of the ARPES experiment compared to measurements at lower photon energies [3] , which was critical to measure the new Fermions in the bulk band structure of AlPt.
VUV-ARPES measurements were performed at the high-resolution-and nano-ARPES branch line of the beamline I05 at the Diamond Light Source, UK [4] . Measurements at the highresolution branch were performed with a Scienta R4000 analyzer, and a photon energy range between 130 eV and 160 eV, at a temperature below 20 K. Measurements at the nano-ARPES branch were performed with a DA30 analyzer at a photon energy of 82 eV, a sample temperature below 25 K, and a beam spot size below 1 µm which allowed us to measure the Fermi surface map shown in Fig. 3C that originates from a single domain with a diameter of ~15 µm. Measurements in the VUV-ARPES regime are more surface sensitive than SX-ARPES and therefore most suitable to image the Fermi-arcs in AlPt.
Ab-initio calculations
We employed density functional theory (DFT) as implemented in the Vienna Ab Initio Simulation Package (VASP) [5, 6] for the bulk calculations shown in Fig. 2 and the slab calculations shown Fig. 3B -D, as well as Wien2k [7] for the bulk calculations shown in Fig. 3A -B and Fig. S2 .
For the VASP calculations, the exchange correlation term is described according to the PerdewBurke-Ernzerhof (PBE) prescription together with projected augmented-wave pseudopotentials [8] . For the autoconsistent calculations, we used a 7x7x7 k-points mesh for the bulk and 4x4x1 for the slab calculations. The kinetic energy cut off was set to 400 eV. We calculated the surface states by using a slab geometry along the (001) direction. In order to achieve a negligible interaction between the surface states from both sides of the slab and reduce the overlap between top and bottom surface states, we considered a slab of 10-unit cells and 1 nm vacuum thickness. For the energy cuts, we used a 100x100 grid of K points.
The Wien2k calculations employed a full-potential linearized augmented plane-wave and local orbitals basis, as well as the PBE prescription of the exchange correlation term. The plane-wave cutoff parameter RMTKMAX was set to 7 and the irreducible Brillouin zone was sampled by 97,336 k-points. Spin-orbit coupling was included via a second variational procedure. The results from the Wien2k calculations were exported with the XCrySDen software [9] into the bxsf file format to plot the 3D Fermi surface with MATLAB.
The crystal structure and miller planes plotted in Fig. 1C were generated with VESTA [10] . 
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where θ is the emission angle, Ekin the kinetic energy of the electrons, m the electron mass, and ħ the reduced Planck constant. Since V0 is a material dependent parameter, we performed photon energy dependent ARPES measurements over a wide range of photon energies to determine the appropriate inner potential by comparing the experimental Fermi surface in the kz vs. ky plane to the expected symmetry of the bulk Brillouin zone. angle, which is shown in Fig. 2C (ii).
To better understand our data from the (110) surface, we show AlPt's BZ in shows the corresponding line cut along M¯ -R -M¯ indicated by the magenta line in Fig. S2E , which also displays the sixfold fermions that were already shown in Fig. 2A(i) . The slight loss of spectral intensity at the crossing point R is most likely due to a small misalignment of the sample or inaccurate choice of photon energy, such that the R point is slightly missed. However, the overall agreement with the ab-initio calculation for the M -R -M shown as solid blue lines in Fig. S2G , as well as the data already shown in Fig. 2 , further corroborates the existence of the fourfold and sixfold crossing at the Γ and R point, respectively. states that are nondispersive along kz. We further replicated our results on a second sample that
was measured with nano-ARPES at Diamond, and which also clearly shows the same S-shaped surface Fermi-arc dispersion (displayed in Fig. S4 ) at a different photon energy hv = 82 eV. contributions from these nodes are not allowed in this energy range, and there is therefore only a limited angular range over which these transitions may contribute, which may be neglected in a first approximation.
The previous discussion illustrates that a measurement of an approximately quantized CPGE dominated by the fourfold node at G might be possible with the current samples for excitation frequencies above ~130 meV based on existing DFT calculations, which seem to agree well with our ARPES experiments. However, a more realistic calculation to determine the precise energy window over which a quantized response can be expected would also require knowledge about the unoccupied states, which are currently not accessible with ARPES and which would require further confirmation with other experimental probes e.g. with pump-probe ARPES. In addition, it is worth stressing that AlPt belongs to a large family of isostructural 
Fig. S6. Powder X-ray diffraction pattern and Rietveld refinement
The Retvield refinement indicates the presence of a majority phase of AlPt that crystallizes in the chiral space group 198, and a small minority phase of Al3Pt5 and Al21Pt8.
